BACKGROUND: Breathing through a tracheostomy results in insufficient warming and humidification of inspired air. This loss of air-conditioning can be partially compensated for with the application of a heat and moisture exchanger (HME) over the tracheostomy. In vitro (International Organization for Standardization [ISO] standard 9360 -2:2001) and in vivo measurements of the effects of an HME are complex and technically challenging. The aim of this study was to develop a simple method to measure the ex vivo HME performance comparable with previous in vitro and in vivo results. METHODS: HMEs were weighed at the end of inspiration and at the end of expiration at different breathing volumes. Four HMEs (Atos Medical, Hörby, Sweden) with known in vivo humidity and in vitro water loss values were tested. The associations between weight change, volume, and absolute humidity were determined using both linear and non-linear mixed effects models. RESULTS: The rating between the 4 HMEs by weighing correlated with previous intratracheal measurements (R 2 ‫؍‬ 0.98), and the ISO standard (R 2 ‫؍‬ 0.77). CONCLUSIONS: Assessment of the weight change between end of inhalation and end of exhalation is a valid and simple method of measuring the water exchange performance of an HME.
Introduction
Total laryngectomy is the treatment of choice for advanced (T4) laryngeal cancer and for recurrent disease after prior organ preservation treatment. 1 This surgical procedure results in breathing through a mandatory permanent tracheostoma, which profoundly alters respiratory physiology. The bypass of the upper airways leads to insufficient warming and humidification of the inspired air. Consequently, patients develop pulmonary problems such as mucus hypersecretion and frequent involuntary coughing, and become more susceptible to respiratory infections. 2, 3 Also, breathing through a temporary tracheostomy results in insufficient warming and humidification of inspired air. Compensation for the loss of air-conditioning can be achieved by application of a heat and moisture exchanger (HME) over the tracheostoma. 4 HMEs are passive humidifiers: during exhalation, water is retained onto the core material of the HME, and during inhalation this water is released again into inspired air. The core material of an HME consists of foam, paper, or other substances, usually impregnated with hygroscopic salt to increase the water retaining capacity. Simultaneously to the exchange of water, HMEs store and release heat during the breathing cycle. 5, 6 Use of an HME after laryngectomy has proven to significantly reduce pulmonary complaints and to improve quality of life. 4, [7] [8] [9] Therefore, these medical devices are currently considered as mandatory therapeutic and rehabilitative measures for laryngectomized patients.
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Presently, a wide range of HMEs are commercially available, and for medical professionals it is not easy to judge the differences in performance of the various HMEs. Some manufacturers provide water loss values for their HMEs according to the International Organization for Standardization (ISO) standard 9360 -2:2001, but this specification is not universally available. Moreover, water loss values are not easily and intuitively translated into clinical benefits, as higher water loss correlates with a less effective HME performance. An additional issue is that the 24-hour ISO measurements require complex and validated machinery, and slight differences in setup specifications (eg, calibration) of these measurements can lead to considerable outcome variations between laboratories. 10, 11 Alternatively, clinical decision-making could be based on in vivo measurements of the HME effect on tracheal climate.
Since direct intra-tracheal humidity measurements are technically complicated, most studies have opted to sample air from the trachea and to analyze this sample with an external fast humidity sensor. In such measurements extreme care is required to avoid loss of water vapor due to condensation in the sampling tube. 12, 13 No commercial equipment is available for these challenging measurements, and experience has shown that custom-built equipment is difficult to develop and maintain. 12, 13 Moreover, only a minority of available HMEs thus far have been analyzed both in vitro and in vivo. [12] [13] [14] [15] Therefore, an easy method for assessing HME performance using commercially available equipment could be very useful for medical professionals. Also, for HME development a universally available tool is required for comparing newly designed and existing HMEs next to clinical feasibility studies.
Since an HME stores and releases water with each inhalation and exhalation, the HME gains and loses weight during breathing. The amount of water, and therefore the weight change, depends on the breathing volume. We postulated that this change of weight could be an alternative measure for HME performance. For weight measurements a suitable balance could be used, and for volume assessment a commercial spirometer should be sufficient. The purpose of this study was to establish whether the weight change of an HME between end of inhalation and end of exhalation could be a measure of HME performance comparable to in vitro ISO measurements and previous in vivo measurements.
Methods
The study was approved by our protocol review board, and informed consent was obtained from all volunteers.
HME Devices
Two commercially available HME devices and 2 prototype devices (all by Atos Medical, Hörby, Sweden) were tested in this study, identical to the HME devices used in the recent in vivo study of Scheenstra et al. 6 HME specifications of water loss values according to the ISO standards and the in vivo absolute humidity (AH) values according to Scheenstra et al are shown in Table 1 .
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Current knowledge
Humidification of inspired gases following laryngectomy can be achieved with heated humidification or a heat and moisture exchanger (HME). The performance of heat and moisture exchangers is variable and can be altered by air leaks or the addition of oxygen. The measurement of delivered humidity in a laryngectomy patient is difficult.
What this paper contributes to our knowledge
Measuring the weight change of an HME between the end of inhalation and the end of exhalation is a reliable measure of HME performance, comparing favorably to in vitro measurements conducted per International Organization for Standardization standard 9360 -2:2001, and to in vivo measurements from a previous study. The weight-change method is simpler and does not require expensive laboratory sensors and equipment.
The 2 commercially available HMEs were the Provox Normal and the Provox HiFlow. The prototype versions are the Rplus and its lower resistance version the Lplus. These prototypes have a different closure mechanism and more foam material, in order to improve performance ( Fig. 1) 
Humidity and Breathing Volume Measurement
Measurements were performed with the test configuration shown in Figure 2 . A healthy volunteer (female, 29 years of age, first author CvdB) breathed through a spirometer (Flowhead MLT300 ADInstruments, Oxfordshire, United Kingdom). The other side of the spirometer was connected to a T-shaped tube. Inside this T-tube humidity was measured with a fast heated capacitive hygrometer that measures the AH (AH sensor) with a response time of 0.1-0.2 s. 16 The AH sensor was calibrated as described previously, using a reference humidity sensor (Testo, Almere, The Netherlands). Inaccuracy of the AH after this calibration is Ͻ 5%. 5, 13 At the far end of the T-tube an HME was connected. The dead space of the T-tube is 30 mL, and the dead space of the spirometer flowhead is 70 mL, according to the manufacturer's manual.
The spirometer was calibrated before each use, and the resulting data were corrected for baseline and volume drift according to the manufacturer's recommendations. Volume drift is caused mainly by the increased volume of the warmer and moister exhaled air, so drift correction was applied only to the exhaled volumes. Integrating the flow over the duration of the breath yields the observed breathing volume. Spirometer data were recorded and analyzed with data acquisition software (Powerlab, ADInstruments, Oxfordshire, United Kingdom).
Humidity values were registered and saved with data acquisition software (Acquis 2.8, Anesthesie-Technik, The spirometer is connected to a T-tube that contains the absolute humidity (AH) sensor, and T-tube is connected to the heat and moisture exchanger (HME). The ruler is in centimeters.
Amsterdam, The Netherlands) and exported to a spreadsheet (Excel, Microsoft, Redmond, Washington). The ambient humidity and temperature were monitored with a commercial, calibrated humidity sensor (Testo, Almere, The Netherlands). Body temperature of the volunteer was monitored with an electronic aural thermometer (Genius2, Kendall, Covidien, Mansfield, Massachusetts).
Weight Measurement
Weight was measured with a micro balance (MC210P, Sartorius, Göttingen, Germany). Stability of the balance and of the measurement procedure was monitored by repeated measurements of a calibration weight. Accuracy and repeatability were within 0.1 mg.
Each HME was placed in a 35 ϫ 19 mm airtight cylindrical box immediately after inhalation or exhalation, to prevent evaporation into the ambient air during the weight measurements. The time required to remove the HME from the T-tube and place it in the box was 3 Ϯ 1 s. Control measurements of HMEs not enclosed in the box showed that weight loss due to evaporation was Ͻ 5% of the weight change of the HME in the first 3 seconds. Error in the weight measurements due to the variation in time to placement in the box was Ͻ 2% of the weight change. During reconditioning of the HME (see below), in between weight measurements, the box was left open to prevent buildup of condensation inside the box.
Preferably, measurements should be performed under clean-room conditions to prevent contamination with, for instance, dust particles. Because this was not possible in our laboratory, we used optimal hygienic measures instead. Aluminum foil was used to keep the surface around the balance as clean as possible, and the empty boxes were weighed before and after each experiment to check for contamination. If contamination occurred, the measurement sequence was excluded from analysis.
Preparation of the HMEs
The foam in the tested HMEs is impregnated with a hygroscopic salt (CaCl 2 ). The amount of water absorbed by the CaCl 2 depends primarily on the ambient relative humidity. 17 Therefore the HMEs were kept overnight at a constant relative humidity of 40 -45% and room temperature of 20 -22°C. To minimize drift during the measurements, the HMEs were conditioned toward equilibrium water saturation at the start of the measurement sequence, by continuous at-rest breathing by the volunteer, at 14.5 Ϯ 0.5 breaths/min. For each HME the length of the conditioning period required for equilibrium water saturation (stable weight) was determined by verifying the weight increase over time (10 -20 min) .
Measurement Protocol
After conditioning the HME, a sequence of 25 weight measurements was performed, alternatingly at the end of inhalation and at the end of exhalation. To obtain measurements at a range of breathing volumes, the volunteer breathed with 3 different breathing patterns: 13 measurements with at-rest breathing (tidal volume), 6 measurements with deep breathing, and 6 measurements with shallow breathing. Before each weight measurement a short period of tidal breathing (at least 5 breathing cycles) was used to recondition the HME, immediately followed by an inhalation or exhalation of the prescribed breathing pattern. One breath (measurement) was defined as one inhalation or one exhalation. The breathing cycle was defined as the sum of one inhalation and one exhalation. The absolute humidity was measured at the end of inhalation, just before removal of the HME (the end-inspiratory AH, AH insp ). The duration of one measurement sequence was between 40 and 50 min.
With all 4 HMEs the measurement sequence was performed by the same volunteer. To assess intra-individual variation, 5 additional HMEs of one type (Provox Normal) were measured 11 times (weight, volume, and AH) during at-rest breathing. To assess inter-individual variation, one measurement sequence of 25 measurements with a Provox Normal was performed by 5 additional healthy volunteers (mean age 36 y, 3 males and 2 females). To establish the baseline HME capacity of the test set configuration (spirometer and T-shaped tube), 14 additional humidity measurements were performed without HME by the volunteer.
Data Normalization
The measured end-inspiratory AH (AH insp-meas ) depends on the ambient AH (AH amb ). [15] [16] [17] [18] AH insp-meas cannot be lower than AH amb , and if AH amb is equal to the alveolar AH (AH alv ), the AH insp-meas will be equal to AH alv .
In order to compare measurements on different days with varying AH amb (measured in this study), the measured AH insp-meas was converted into a normalized AH insp at the reference ambient humidity (AH amb-ref ), chosen to be 5 mg/L, using the following equation (comparable to 
The equation is a simplification that normalizes only for the actual measured AH amb variation, and does not account for any other dependencies of AH insp such as dead space.
For AH alv the saturation humidity at body temperature of the volunteer was used (using the equation in Zuur et al 19 and at http://www.humidity-calculator.com/index. php).
Similarly, weight change (⌬W) will also depend on the ambient humidity. The measured ⌬W was normalized to a normalized ⌬W at AH amb-ref using the equation:
Using the body temperature to calculate AH alv is justified only when AH alv is much larger than both AH amb-ref and AH amb . Normalization for body temperature of the volunteers could have been done in a similar way, but was not performed, because the volunteer's body temperature was constant within 0.3°C (the corresponding error in the weight change is Ͻ 2%).
Statistical Methods
Associations. The association between breath volume and both HME weight and AH were modeled using mixed effects regression. Given the different measurement protocols, only the change in HME weight was available, so 2 different models were constructed. Scatter plots suggested a linear relationship between weight change and log-transformed breath volume, so the weight change mixed effects model included the log-transformed volume, HME type, and their interaction as predictor variables. Random intercepts were included for each measurement period (see the supplementary materials at http://www.rcjournal.com).
For AH the scatter plots suggested an exponential decay with non-zero asymptote. Consequently, the association between AH insp and inspiratory breathing volume was determined using an exponential-decay, nonlinear, least squares regression. The AH insp values were the outcome with initial AH levels set at the end-expiratory humidity values from the previous breath. The exponential decay asymptote, initial intercept, and decay rate were allowed to vary with HME type (see the supplementary materials at http://www.rcjournal.com).
Repeatability. The intra-individual variation of the Provox Normal during tidal-breathing was measured with one volunteer (CvdB) at 6 distinct assessment periods. Systematic differences across the assessment periods were tested for using Kruskal-Wallis tests for 3 parameters: AH insp , end-expiratory AH, and the ratio of weight change to breathing volume.
To assess the inter-individual variation of the Provox Normal, weight and corresponding volume measurements were taken from 6 volunteers. In the weight-change versus (log-transformed) breath-volume linear mixed effects model, random intercepts and slopes were included per individual. The inter-and intra-individual variations were assessed in the weight-change model at breathing volumes of 0.5 L and 1.0 L.
Validation.
We compared the estimated AH insp values at inspiratory volume 0.5 L from the present study to previously published in vivo results. The correlation coefficient was determined from a weighted linear regression using inverse variances. Similarly, we compared the estimated Fig. 3 . Raw data trace of absolute humidity and breathing air flow with the prototype Lplus heat and moisture exchanger (HME). Note that the maximum values do not show an immediate conditioning effect, because the humidity sensor is located upstream from the HME. Only during inhalation is the humidity sensor downstream from the HME and able to register the instantaneous impact of the HME on the absolute humidity, so only the end-inspiratory humidity measurements were analyzed. A: Start of the HME conditioning, showing the increasing humidity (asterisk). B: At-rest, tidal-volume breathing (measurements 1-4). C: Deep breathing (measurements 18 and 19). D: Shallow breathing (measurements 22 and 23).
weight changes at breathing volume of 1.0 L to ISO water loss at 1.0 L. Figure 3 shows in detail how the measurement sequence was performed. The figure shows parts of the raw data trace of the AH sensor (upper trace) and the spirometer flow sensor (lower trace) for the prototype Lplus. Section A shows the first breaths of the HME conditioning period, where the AH insp slowly increases, due to the increasing moistening of the inspired air by the HME (asterisk in Fig. 3 ). Sections B, C, and D show examples of measurements during the 3 different breathing volumes (tidal, deep, and shallow breathing). In the raw data trace in Figure 3 the difference in AH insp for the different breathing levels can be seen: AH insp at the end of deep inhalation 18 is lower than AH insp during the tidal breaths, which in turn are lower than AH insp during shallow inhalation 22 (see the arrows Fig. 3) . Figure 4 shows the volume and weight measurements of an example sequence (25 measurements) with the prototype Lplus. The numbers on the X axis correspond to the numbers in Figure 3 above the raw AH trace. From the observed weights, 21 weight changes of the HME were calculated between the maximum and minimum weights (end of exhalation versus end of inhalation) and are shown by the line segments in the weight graph in Figure 4 . The average volume was calculated for corresponding consecutive weight measurements. Weight changes between inhalations and exhalations belonging to different breathing types were discarded, as was the first weight measurement of each measurement sequence, because these are systematically higher due to the different conditioning history (see first data point in the weight graph in Fig. 4) . Weight change as a function of average breathing volume is shown in Figure 5 for all 4 HME types. All measurements were normalized to the AH amb-ref of 5 mg/L (the range of measured AH amb was 7.22-9.62 mg/L). For each HME the estimated model fit is shown.
Results
The model fit of AH insp as a function of inspiratory breathing volume is shown in Figure 6 for 21 HME measurements per HME model, and for 14 measurements made without HME. These measurements were also normalized to the AH amb-ref of 5 mg/L.
In Figure 5 the weight changes at average breathing volumes of 0.5 L and 1.0 L, and in Figure 6 AH insp values at an average breathing volume of 0.5 L are marked per HME (vertical dashed lines). These values are summarized in Table 2 , together with the differences relative to the Provox Normal. Values at 0.5 L were required for comparison with the previously reported in vivo measurements in patients, with an average breathing volume of 0.5 L. 20 For comparison with the ISO standard, weight changes at a volume of 1.0 L were required.
Repetitions of the Provox Normal at tidal volume breathing showed no systematic differences across the measurement periods for AH (inspiration P ϭ .18, expiration P ϭ .12) or the ratio of weight change to volume (P ϭ .58). The inter-individual variation for the 6 volunteers at breathing volumes of 0.5 L and 1.0 L were 0.45 mg/L and 0.78 mg/L, respectively, and the intra-individual variation was 0.18 mg/L for both breathing volumes. Consequently, the differences between the Rplus and the other HME models for a single observer (see Table 2 ) exceed the estimated 95% CI upper limits of 1.34 at 0.5 L and 2.22 at 1.0 L, when inter-individual variation is included. Figure 7 compares the in vivo AH insp measurements in subjects from Scheenstra et al 6 to the values obtained in the present study at a volume of 0.5 L (see Table 2 ) and the AH amb-ref of 5 mg/L. Comparison of the HME weight change in the present study and the ISO standards is shown in Figure 8 . The weight changes at a volume of 1.0 L from Table 2 are normalized to the standard ISO humidity conditions of 0 mg/L using equation 2.
Discussion
This study shows that HME performance can be determined by measuring the weight difference between endinspiration and end-expiration, using a regular balance and a standard spirometer. The results correlate well with earlier in vivo measurements made with complex, custombuilt equipment to measure intra-tracheal humidity, and with in vitro values provided by the manufacturer, based on 24-hour, ISO standard 9360 -2:2001 assessments. Table 2 ). The parameters of the fit are given in the supplementary materials at http://www.rcjournal.com. The offset of the estimated model fits on the average breathing volume axis shows the impact of the dead space. During inhalation the HME weight decrease starts immediately, but during exhalation the weight begins to increase after the air in the dead space has passed the HME. Therefore, the offset on the average breathing volume axis is equal to half of the combined dead space of T-tube, spirometer, and volunteer. Figure 5 and the 14 measurements without HME were used to calculate the fits of the model. Due to the chosen scale on the horizontal axis, not all measured points are visible. The vertical dashed line indicates the AH insp per HME at the 0.5 L inspiratory volume (see Table 2 ). The parameters of the fit are given in the supplementary materials at http://www.rcjournal.com.
As can be seen in Figure 7 , the AH insp as measured in one volunteer correlates well with the in vivo intratracheal AH insp measurements in a group of laryngectomized patients (R 2 ϭ 0.98). It should be noted that the in vivo curve is shifted upward by about 14 mg/L. This shift represents the HME effect of the upper part of the trachea, since the measurements in the laryngectomized patients were performed 1 cm inside the trachea. In contrast, the additional HME effect from the short distal tube in the test configuration in the present study is only minor, as can be seen in Figure 6 , where the AH insp without HME almost immediately and completely reaches the ambient humidity value.
Both the weight changes and the AH insp values result in the same ranking levels for the 4 tested HMEs (see Table 2 ), with the prototype Rplus being significantly better than the Provox Normal. This result matches that reported by Scheenstra et al (see Fig. 9 ). 15 Comparing Figure 5 and 6 (weight change and AH insp as a function of breathing volume, respectively), it is interesting that the curves in these figures show a very different shape. The AH insp (see Fig. 6 ) decays exponentially, similar to previously described in vivo AH insp measurements. 6, 13, 15 Weight change (see Fig. 5 ) increases linearly for small volumes and then levels off. This difference can be understood qualitatively as follows. The difference in AH insp with HME versus without HME represents the amount of water that is evaporated from the HME. For small volumes the difference in AH insp with HME versus without HME is relatively large (see Fig. 6 ), so the HME weight changes quickly (see Fig. 5 ). For larger volumes the constant, but small, AH insp difference causes a slower weight change with increasing volume. This qualitative description is quantified in the supplementary materials at http://www.rcjournal.com.
The correlation between weight change at 1.0 L and water loss using the ISO standard technique (see Fig. 8 , R 2 ϭ 0.77) is smaller than the correlation between weight change at 0.5 L and in vivo measurements (see Fig. 7 , R 2 ϭ 0.98). In particular, the weight change at 1.0 L with the Provox HiFlow is unexpectedly high, compared to the ISO value. The measurements at high volumes may be less reliable due to the use of a standard spirometer suitable for at-rest tidal volume breathing but not intended for high air velocities. Also, it cannot be excluded that the velocity of the water exchange on the foam depends on air flow velocity, which could also be an explanation for the difference between the volunteers during forced breathing.
The repeatability of the measurements on different samples of the Provox Normal exhibited no statistical differences between these samples. Furthermore, the measurements with the volunteers showed that the inter-individual variation is smaller than the significant differences between the Rplus and the other HMEs. This is in agreement with Scheenstra et al, 15 who found that the inter-individual variability in patients is small. Combining these results, we can conclude that the impact of an HME on AH and weight changes can be measured reliably with one volunteer. Only the weighing measurement error limits the power of this ex vivo method, as, for instance, can be seen from the cluster of Provox Normal measurements at tidal breathing in Figure 5 . In Table 2 all the differences of the AH insp values compared to the Provox Normal values are significant, but for weight only the Rplus was significantly different from the Provox Normal.
The advantage of this ex vivo weighing method is that it is simple to perform with a balance (accuracy of 0.1 mg or better) and a spirometer (note that the humidity sensor in the T-tube only was needed to compare the test results with earlier in vivo measurements). The requirements for reliable measurements include preparing the HME to equilibrium humidity saturation, careful and clean handling of the HME, and rapid measuring and placement of the HME in a box that prevents evaporation. The ambient humidity should be low, since at high ambient humidity the HME will hardly collect water (see equations 1 and 2). Body temperature should be monitored to exclude fever in the volunteer. Also, the AH amb measurements (or relative humidity and temperature) are required to normalize the results by applying equations 1 and 2.
This ex vivo weighing of water exchange of HMEs is a reliable method to measure HME performance, without the need for complex technology, and without the additional in vivo problems such as oversaturation of the fast humidity sensor by condensation or sputum. It enables fast measurement of the performance of various commercially available HMEs for tracheostomy application and, in addition to clinical data obtained from feasibility studies, is directly useful for medical professionals to obtain information about the performance of different types and newly designed HMEs. It also might be useful for developers of HMEs.
Finally, water retention in the HME (more is better) measured under human breathing circumstances is more intuitive, and might be better understandable for medical Fig. 9 . Weight change of the heat and moisture exchangers (HMEs) in the present study versus HME effect (absolute humidity with versus without HME) in the in vivo study by Scheenstra et al. 6 professionals than is the ISO water-loss standard (a higher value means a less effective HME). In summary, this ex vivo weighing method is the "missing link" between the existing in vitro, lung-model data and in vivo data from patients.
Conclusions
This study presents a new and straightforward ex vivo method to measure HME performance by weighing the HME at the end of inspiration and the end of expiration, independent of complex technology. The results strongly correlate with previous in vivo measurements and are similar to in vitro data, using the ISO 9360 -2:2001 standard equipment.
